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Available online 24 February 2016Conventional atomic layer deposition (ALD) is a thermo-chemical process that is now used extensively in the
manufacture of ultrathin ﬁlms. In addition to substrate heating, various forms of other “assisted” ALD processes
are actively being developed, where supplementary energy is supplied for example, from a plasma discharge or
from light. This paper presents a critical reviewof the exploitation of light in ALD to stimulate photochemical pro-
cesses. The range of light sources that are exploitable for photochemical ALD processes is considered and the
chemical mechanisms that are stimulated in the ultraviolet spectrum are interpreted. The use of light as an
excitation source lends itself to area selective deposition using lithographic methods or focused beams. The
exploitation of photochemical processes for the deposition of patterned ALD ﬁlms is reviewed in the context of
the current alternatives. Finally, the potential for photo-etching is introduced. Atomic layer etching is a compli-
mentary process to ALD and the application of photochemistry in layer-by-layer subtraction processes is
considered.
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The United Nations marked 2015 as the “International Year of Light
and Light-based Technologies” to raise awareness of the achievements
of light science and optical technologies in sustainable development. It
is timely then to consider the effects that illumination can introduce
into modern manufacturing processes, such as atomic layer deposition
(ALD). Before doing so, it is worthwhile outlining what the key attri-
butes of conventional thermal ALD processes have and why the process
technology is being rapidly adopted by industries ranging from elec-
tronics to the treatment of textiles. Atomic layer deposition (ALD) was
pioneered in the late 1970s [1] as a method of manufacturing thin ﬁlm
electroluminescent ﬂat panel displays. More recently, the commercial. This is an open access article underimportance of ALD burgeoned as the technology became intrinsic to
the realization of so-called “high-k/metal gate stacks”which has driven
the down-scaling of silicon electronics over the past two decades
delivering ever increasing computer processing power and lower
power consumption [2]. On the back of this technological progress,
there has been an accelerating uptake of ALD across a broadening
cross section of industrial sectors. So why is ALD distinguished from
chemical vapor deposition (CVD)? Both ALD and CVD use vapor precur-
sors as building blocks to grow a ﬁlm of material and both use thermal
energy to drive the chemical reaction between the co-reagents forward.
In contrast to CVD, atomic layer deposition is predominantly a surface
chemistry process utilizing alternating pulses of two or more comple-
mentary precursor gases [3,4] The process involves surface exchangethe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1.A range of radiation sources, which emit radiation atwavelengths below the visible
(λ b 400nm) spectrum and into theUVA (315–400 nm, 3.10–3.94 eV), UVB (280–315 nm,
3.94–4.43 eV) and UVC (100–280 nm, 4.43–12.4 eV) ranges.
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reagent molecules (e.g. hydroxyl groups, OH−). Inert gas purges are in-
troduced between precursor pulses to suppress unwanted gas phase or
pre-reactions, so, with careful optimization, ALD proceeds via self-
limiting surface-saturative steps. As the technique relies on surface re-
actions and not gas-phase reactions, the step coverage and ﬁlm unifor-
mity is excellent, allowing uniform coatings onto high-aspect ratio and
shadowed etched structures. ALD is gaining increasing momentum in
the semiconductor industry, offering signiﬁcant advantages over other
deposition processes as the cyclic nature of the process allows repeat-
able, accurate control over ﬁlm composition and structure, in principle,
with sub-monolayer scale control.
Given the achievements made using thermal ALD, various forms of
energetically exciting ALD processes, including plasmas and light, have
been proposed as an alternative to substrate heating alone [5]. The mo-
tivation to develop these variants can be attributed to the need to re-
duce the overall thermal budget during processing or the possibility of
using precursors that would be otherwise unreactive at the deposition
temperatures being used. The use of light to stimulate atomic layer de-
position may be due to contributions from photo-thermal or photo-
chemical mechanisms depending on the wavelength, incident power
and chemistry of the ALD process in question. The ﬁeld of ﬂash-
enhanced ALD processes has recently been reviewed [6]. As a subset
of conventional thermochemical ALD, ﬂash lamp annealing is used to
thermally enhance the ﬁlm growth in ALD. The absorption of millisec-
ond duration light pulses in the near-surface region, causing rapid
heating, which promotes the ALD surface chemistry, but at a lower
overall thermal budget than is necessary by substrate heating alone. In
contrast to the photo thermal approach, photochemical processes are
driven by absorption of light within the molecular reagents causing
excitation or dissociation processes to occur. We now consider the
exploitation of photochemistry in ALD processes.
2. Light sources and excitation processes
Photochemical processes can be separated into two fundamental
mechanisms: the ﬁrst is photo-excitation; and the second is photo-
dissociation. Photo-excitation is the process of absorbing a photon of
light, leading to an increase in the energy of a chemical species. This
could involve the formation of an excited electronic or vibrational
state, which may promote a new chemical reaction or the decay of
the species by an energy-loss process, such as ﬂuorescence or
thermalisation via collisional processes. Photo-dissociation involves
the absorption of a photon with sufﬁcient energy to dissociate or
break a chemical bondwithin amolecule to generate new chemical spe-
cies. Both processes are described by quantum mechanical cross-
sections and the probability that either process occurs is inﬂuenced by
the incident photon energy. Industrial-scale photochemical processes
are now commonly used inwater treatment and the curing of polymeric
materials. Consequently, an increasing variety of light sources has been
developed for chemical treatments. As the bond energies within
chemical reagents are of the order of ten electron volts (1 eV =
1.602 × 10−19 J) or less, the excitation has to be achievedwith radiation
in the ultraviolet range of the electromagnetic spectrum. Fig. 1 illus-
trates the coverage of some of the generic light sources available for
photochemical treatments. A potential beneﬁt of photo-driven ALD pro-
cesses is higher growth rates coupled with the need for less heat input
from the substrate heater. Notwithstanding these apparent advantages,
very few reports of photo-chemical atomic layer deposition (pc-ALD)
have been made as summarized in Table 1, which are discussed more
fully below.
2.1. Water based pc-ALD processes
Within the UVC spectrum, the majority of pc-ALD research has fo-
cused on the use of 185 nm radiation (λ = 1849.499 Å arising fromthe Hg 6s6p1P1→ 6 s2 1S0 transition, 6.7 eV), which is readily available
from low-pressure mercury vapor lamps. This is accompanied by an
emission at 254 nm (λ= 2536.517 Å from the Hg 6s6p 3P1→ 6 s2 1S0
transition, 4.9 eV). The Hg discharge requires a quartz envelop to permit
the transmission of the shorter wavelength component. The mercury
vapor emission has been used in conjunction with water vapor as a
co-reagent to deposit ZnO and Ta2O5 based ALD ﬁlm materials [7–9].
Thewatermolecule ground state has a symmetry and electronic conﬁg-
uration which leads to an abundance of electronic absorption bands in
the vacuum ultraviolet b200 nm [15]. Above 124 nm, the absorption
spectrum consists of two broad continuum bands with peaks at 167
and 128 nm. The spectrum is dominated by strong structured bands as-
sociated with Rydberg transitions b124 nm [16]. Photo-dissociation of
water vapor in the atmosphere is mainly via absorption of the solar
121.6 nm Lyman alpha line. The gas-phase reactions of H2O with VUV
radiation are dominated by the processes:
H2Oþ hν→H þ OH λ : 175 nm 190 nm ð1Þ
H2Oþ hν→H2 þ O 1Dð Þ λ : b175 nm ð2Þ
where H⁎ and OH⁎ denote excited states. From this consideration, the
185 nm excitation from the Hg discharge lamp seems likely to promote
the formation of surface hydroxyl (OH−) groups, which play a central
role in the growth of oxide ﬁlms from water - based thermal ALD pro-
cesses. For example, the photochemical ALD of ZnO-based materials
was one of the earliest reported [7]. The motivation for using a photo-
driven process was to produce a high conductivity, transparent contact
for silicon and Cu(InGa)Se2 solar cells. A lowpressure Hg lampwas used
to excite Zn(C2H5)2 (DEZn) and H2O precursors in a pc-ALD process
over the temperature range 105 °C to 235 °C. The pc-ALD and conven-
tional ALD processes exhibited different growth per cycles (GPCs)
over the temperature range, which was explained by a change in the
preferred crystal orientation of the crystalline ﬁlms during irradiation.
The pc-ALD process also gave rise to markedly different
semiconductivity in the ZnO ﬁlms. The UV irradiation resulted in a
ﬁlm with a minimum resistivity of 6.9 × 10−4 Ωcm deposited at a sub-
strate temperature of 136 °C. The electron carrier concentration in this
ﬁlmwas 3.9 × 1020 cm−3, whichwas attributable to an excess of Zn do-
nors arising from Zn interstitials or O vacancies. In a subsequent study
[8], pc-ALD was explored as a process to deposit boron doped ZnO
ﬁlms. Pulses of B2H6 were introduced as various cycle fractions into
the Zn(C2H5)2–H2O dosing scheme. A cycle ratio of B2H6/DEZn of 1:4
gave the lowest resistivity of 6.4 × 10−4 Ωcm at a ﬂuence of 750 μW/
cm2. Interestingly, the authors reported that the pc-ALD grown ﬁlms
showed enhanced stability of their electrical properties compared
with ﬁlms grown by CVD. This was interpreted in terms of decreased
chemical disorder, e.g. the number of dangling bonds and unstable
Table 1
Summary of previous photochemical ALD studies.
Light source Illumination mode Material Remarks Reference
Water based pc-ALD processes
Hg lamp
184.9, 253.7 nm
Constant ZnO Zn(OC2H5)2 + H2O. UV causes 10× increase in conductivity. [7]
Hg lamp
184.9, 253.7 nm
Pulsed and constant B-doped ZnO Zn(OC2H5)2 + H2O. Dopant B2H6. [8]
185 nm Pulsed, source and co-reagent Tantalum oxide Ta(OC2H5)5 + H2O. Shorter cycle times and enhanced growth rate [9]
Xe lamp, 254 nm Pulsed, co-reagent ZrO2 Zr(OC(CH3)3)4 + H2O. Room temperature deposition onto
polyethylene terephthalate
[10]
Oxygen based pc-ALD processes
185 nm Pulsed, co-reagent only Tantalum oxide Ta(OC2H5)5 + O2. [11]
D2/H2 125, 160 nm Pulsed, co-reagent Al2O3 Al(CH3)3 + O2. [12]
D2/H2 125, 160 nm Pulsed, co-reagent Al2O3 and TiO2 Al(CH3)3 + O2. Ti(OCH(CH3)2)4 + O2. [13]
Ammonia based pc-ALD processes
ArF excimer
193 nm
Pulsed, both reagents BN BBr3 + NH3. 100% increase in deposition rate for laser assisted
process up to 600 °C.
[14]
260 P.R. Chalker / Surface & Coatings Technology 291 (2016) 258–263bonds at the grain boundaries, which would otherwise be passivated
during exposure to the ambient atmosphere causing gradual degrada-
tion of the ﬁlms performance as contacts in solar cells.
In a study of tantalum oxide deposition [9], photochemical ALD
yielded higher growth rates per cycle over the temperature range
170 °C to 350 °C, than the purely thermal ALD route. Above this temper-
ature both the thermal- and photochemical processes converge to a
similar GPC as the reaction mechanism changes from an ALD-like
saturative process, to a purely thermally activated chemical vapor depo-
sition process. The growth mechanism was described as a “photo-
assisted” one, i.e. where both thermal- and photo-contributions were
operative. GPCs of 0.42 Å/cycle and 0.47 Å/cycle for the conventional
thermal ALD and the photo-assisted process, were observed in their re-
spective ALD-windows between 220 and 330 °C. Furthermore, the onset
of the ALD-windowwas extended down to 190 °C for the photo-assisted
process. The photochemical deposition mechanism was explained in
terms of photolysis of the Ta(OC2H5)5 and H2O precursors, with the re-
sultant formation of the oxide. It was also reported that the ALD cycle
time could be reduced using the photochemical process. The enhanced
deposition rate for the photo-process was attributed to an increase in
surface reactivity and faster surface reaction kinetics. The same inter-
pretation has been used to explain the effect of UV irradiation on the
ALD of TiO2 from titanium tetra isopropoxide (Ti(OCH(CH3)2)4 or
“TTIP”) and H2O at 260 °C [17]. In that study, the growth rate of the
TiO2 anatase phase, was increased by a factor of two (to about
0.25 nm/cycle) whilst the surface roughness was reduced. The authors
hypothesized that exposure of the reaction surface to ultraviolet light
caused an increase in the density of chemisorption sites.
The growth of ZrO2 ﬁlms has previously been investigated using
water vapor as a co-reagent, as well [10]. In that case, a xenon lamp
was employed, with a peak emission wavelength at 254 nm. The lamp
used was described as “UV enhanced”, which has a usable output emis-
sion down to 200 nm. The H2O photo-dissociation threshold occurs at
246 nm, however a range of other gas reactions are possible including,
involving the formation of the hydroperoxyl radical, HO2 or HOO• [18]:
Hþ O2 þM → HOO• þM ð3Þ
whereM is a third body and the H atom or radical arises from the equil-
ibration of the exited H* species generated through the process de-
scribed in reaction (1). The HOO• species can undergo further
reactions to form hydrogen peroxide, molecular oxygen and hydroxyl
species. The prevalent deposition mechanism(s) operative under the
xenon lamp emission remains unclear, nevertheless the reactive inter-
mediates clearly promoted the deposition of ZrO2 at ambient substrate
temperatures.2.2. Oxygen based pc-ALD processes
The UV photochemical ALD of several binary oxide thin ﬁlms has
been reported using molecular oxygen, O2, as the co-reagent [11–13].
The gas phase reactions of O2 with VUV radiation are dominated by
the processes:
O2→O 3P
 þ O 3P ;λ : 240 185 nm ð4Þ
O2→O 1D
 þ O 3P ;λ b 185 nm ð5Þ
O 3P
 þ O2 þM → O3 þM ð6Þ
where the atomic oxygen forms triplet (O(3P)) or singlet (O(1D)) elec-
tronic states [19] andMdenotes a third body. The O(3P) species has two
unpaired electrons, which makes it susceptible to chemical reactions
such as the formation of ozone (O3) or the hydrogen abstraction from
othermolecules. Both Xe andH2/D2 lamps are capable of efﬁciently gen-
erating O3, which has been studied extensively as an alternative to
water vapor in conventional thermal ALD processes. Ozone has been
used because of its chemical reactivity with organometallic reagents,
but also because it can be pump-purged efﬁciently, which allows
shorter purge times to be used between subsequent reagent dosing
steps.
The deposition of tantalum oxide has also been investigated using
Ta(OC2H5)5 and O2 precursors using 185 nmwavelength UV excitation
[11]. A GPC of 0.37 Å/cycle was observed over a temperature window of
190 to 285 °C. This contrasts with the study made using water vapor as
the co-reagent [9] where a higher GPC of 0.47 Å/cycle was reported.
Those authors note that deposition with the tantalum precursor alone
was achievable under UV-illumination.
The pc-ALD of Al2O3 has been investigated, using shorter wave-
length radiation from a shuttered ultraviolet deuterium–hydrogen
VUV lamp using molecular as the oxidant [12]. The light source has
peak emissions in this range of 125 nm (9.9 eV) and 160 nm (7.7 eV).
The deposition of alumina was chosen as model system to explore the
effect of photochemical excitation on the growth mechanism, from
trimethyl aluminum (TMA) at 60 °C in order to suppress the growth
by the thermal driven process. The mass gain/loss processes during
each ALD cycle was measured with a quartz crystal microbalance
(QCM) and showed similar behavior to a study of Al2O3 deposition
using TMA and ozone (O3) [20], in which the reaction mechanism was
explained by the insertion O atoms from the ozone into the Al–C and
C–H bonds of the TMA methyl ligands. This chemical insertion reaction
converts the methyl species into methoxy (–OCH3), formate (–OCHO),
carbonate and hydroxyl surface species. The similarity between the
261P.R. Chalker / Surface & Coatings Technology 291 (2016) 258–263thermal TMA/O3 and the UV pc-ALD process indicates that reactive
ozone in-situ above the growing ﬁlm via the reactions shown in
Eqs. (5) and (6). In the case of the pc-ALD process additional photo-
excitation of the surface species is feasible, driving the oxidation process
forward to eliminate carbonaceous adsorbates species.
The deuterium–hydrogen VUV emission has also been used to study
the pc-ALD of titania [13]. The deposition of TiO2 from TTIP was investi-
gated using a range of UV/O2 doses. Fig. 2(a) shows the mass gain/loss
measured by QCM, occurring within two ALD cycles of the TTIP–UV/
O2 process. Each cycle consisted of a TTIP (0.1 s) dose/30 s purge/30 s
O2–VUV exposure/30 s purge. At the start of each cycle, the TTIP pulse
causes adsorption on the crystal and amass gain. Some desorption is ob-
served during the subsequent purge however a marked mass loss oc-
curs during the UV/O2 exposure, followed by a mass recovery before
the next TTIP pulse. This was attributed to removal of the alkoxide li-
gand and oxidation at the growing surface. The GPC was estimated as-
suming a density for bulk TiO2 of 4.26 g·cm−3, however it is known
the very thin ﬁlms can have signiﬁcantly lower densities than that of
the bulkmaterial. Fig. 2(b) shows that the GPC saturateswith increasing
UV exposure time at a level of 0.2 Å/cycle. The oxidative half-cycle is
saturative at 60 °C in terms of theUV/O2 exposure time. Previous studies
of the ALD of TTIP with O3 [21] indicated a GPC of 0.2 Å/cycle at 150 °C.
Kaipio et al. [22] have recently reported the atomic layer deposition of
TiO2 thin ﬁlms from a related precursor, Ti(NMe2)2(OiPr)2 with ozone.
They observed a GPC of 0.3 Å/cycle at a substrate temperature of
250 °C, increasing to 0.9 Å/cycle at 350 °C. The GPC observed for the
UV/O2 process is very comparable to those reported for ozonewith sim-
ilar precursors.
2.3. Ammonia based pc-ALD processes
A study has been made [14] to compare the deposition of
turbostatic boron nitride using a laser-assisted and conventional
thermal ALD approach. The precursors were ammonia (NH3) and
boron tribromide (BBr3). The laser-assisted ALD process used an
ArF excimer laser (λ= 193 nm) to excite the precursors and the di-
rection of irradiation was parallel to the substrate surface. Optical
emission spectroscopy was used to show that the 193 nm irradiation
dissociated both the NH3 and BBr3 precursors separately. The laser
pulse duration was found to yield saturative GPCs for both reagents
and the BN deposition rate effectively doubled from 0.45 Å/cycle to
1.2 Å/cycle at substrate temperatures in the window 250–650 °C,
when the BBr3 was photo-excited.
3. Area selective deposition
As the ALD process is intrinsically driven by surface chemistry, a
range of methods have been investigated to shield selected regions
from deposition in order to produce patterned thin ﬁlms in microelec-
tronic applications, where lithographic processes are used extensivelyFig. 2. (a) Mass change versus time for a series of ALD cycles of TTIP and UV/O2 exposure atinmodern devicemanufacturing. The use of polymer photoresists or in-
organic sacriﬁcial masks to cover parts of a substrate during ALD have
been explored. The mask material can be subsequently etched away to
leave the ALD ﬁlm on the exposed substrate Fig. 3(a) [23,24]. However,
ALD offers the opportunity to achieve this masking effect with a single
molecular adsorbate layer, to activate or suppress deposition, as
shown in Fig. 3(b). The use of self-assembled monolayers (SAM) has
been used extensively to selectively inhibit atomic layer deposition.
For example, octadecyltrichlorosilane (OTS) SAM has been modiﬁed
by a focused electron beam irradiation, which was found to convert
the hydrophobic functional –CH3 groups to hydrophilic species (e.g., –
COOH). By activating the surface locally to react with water vapor,
TiO2 nanolines could be formed from cycles of TTIP by conventional
ALD [25]. Alternatively, one approach to activating a surface selectively
for subsequent ALD growth has been demonstrated using silylation [26]
to block the formation of hydroxyl groups required in a water based
HfO2 process from tetrakis (dimethylamido) hafnium(IV). Treatment
of the silyl-terminated surface with O3 and UV (λ = 185 nm) was
used to strip the –Si(R)3 group, allowing subsequent formation of –OH
surface groups and the initiation of HfO2 ALD growth. A further ap-
proach to the selective nucleation of nanoscale patterned platinum
ﬁlms has been reported using a “direct write” approach using electron
or gallium ion-beams [27] as shown schematically in Fig. 3(c). The inci-
dent beam was used to decompose the (CH3)CpPt(CH3)3 precursor on
the irradiated regions of the Al2O3 substrate to form a “seed” layer for
subsequent Pt ALD growth using the (CH3)CpPt(CH3)3 precursor with
O2 as a co-reagent to increase the thickness of the patterned Pt ﬁlm.
The selectivity of platinum growth is driven by the difference in reactiv-
ity of theALDPt process on alumina andplatinum,whichwas optimized
by tuning the O2 pressure.
Within this context, the direct photochemical area-selective atomic
layer deposition of Al2O3 thin ﬁlms has been demonstrated [12] as
shown in Fig. 3(d). A photolithographic mask was used to investigate
area-selective deposition via UV illumination using the TMA/O2 process
described above. Selective depositionwas achieved using aUV transpar-
entmagnesium ﬂuoride photolithographicmask coatedwith an opaque
patterned metallization layer. To avoid the absorption of the VUV in a
conventional silica-based photolithographic mask (transmission cut
off ~200 nm) a simple contrast maskwas fabricated using amagnesium
ﬂuoride (MgF2) disc, coatedwith a 100 nm thick sputtered silver metal-
lization layer to block UV transmission (Fig. 3(e)). A scanning electron
micrograph of the Al2O3 ﬁlm deposited selectively on silicon using this
mask, shows the corresponding pattern of growth. The use of litho-
graphic masks allows the projected deposition of relatively complex
shaped. Fig. 3(f) shows energy dispersive x-ray maps of the aluminum,
oxygen and silicon distributions in the region of a selectively patterned
Al2O3 on a silicon substrate. The aluminum, oxygen and silicon energy
dispersive X-ray Kα maps shows the resulting delineation between
the deposited ﬁlm and the masked substrate region, that area achiev-
able by this process.60 °C. (b) Growth per cycle as a function of UV / O2 exposure time. After reference [13].
Fig. 3. (a) Photolithography ofmaskmaterial (i), followed by ALD ﬁlmdeposition (ii) and lift-off (iii); (b) Patterned self-assembledmonolayer (i) andALD ﬁlm deposition (ii); (c) Electron
beam activated adsorption of molecular precursor to form a patterned nucleation layer (i); followed by ALD growth on the nucleation layer; (d) Ultraviolet light projection through a
lithographic mask to stimulate patterned pc-ALD; (e)Upper — optical micrograph of the metal mask deposited onto a MgF2 lithographic plate, lower corresponding SEM image of the
alumina pattern deposited by pc-ALD via the mask; (f) Energy dispersive X-ray maps of patterned alumina on a silicon substrate. (e) and (f) after reference [12].
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Atomic layer etching is the reverse process of ALD, namely it is the
controlled layer-by-layer removal ofmaterial. Intrinsically, this involves
the formation of a volatile surface species that desorbs takingwith it the
surface atoms of the material being etched. The generation of the vola-
tile leaving groupmay involve reactive atomic ormolecular species [28].
Like ALD, atomic layer etching is a cyclic process and the dosing regime
for the etchant species is saturative as a function of the dose length [29].
Photo-induced atomic layer etching of GaAs has been demonstrated
previously using molecular chlorine (Cl2) coupled with KrF excimer
laser irradiation (λ = 248 nm, 5 eV) [30]. A threshold laser ﬂuence
(13mJ/cm2@100Hz repetition rate for 1 s laser pulses)was observed be-
fore etching started. The origin of this threshold was considered in terms
of a photo thermal effect or the photo generation of charge carriers in the
semiconductor substratewhich lead to desorption. At higherﬂuences, the
etch-rate became self-limiting, indicating that the etch rate is a function of
chlorine adatom density rather than the incident laser ﬂuence. A key fea-
ture of layer-by-layer etching is the independence of etch rate once a sur-
face saturated with the etchant adsorbates. A saturative etch rate of 2 Å/
cycle for doses of 8 × 1017–2 × 1019 injected Cl2 molecules was reported.
Etching of the reconstructed silicon, Si(111) 7 × 7 surface has also
been investigated using KrF excimer laser irradiationwith Cl2 as the etch-
ant [31]. A laser repetition rate of between 10 and 100Hzwas usedwith a
5 ns in pulse duration. The etching studies were performed with a laser
ﬂuence of approximately 1 mJ/cm2 and consequently any contributions
fromphoto thermal effects could be neglected. The silicon surfacewas ex-
posed to saturative doses of chlorine, generated from a AgCl electro-
chemical cell. The etched surface was monitoring using variable photon
energy photoelectron spectroscopy at the SOR-RING Synchrotron Radia-
tion Laboratory at the University of Tokyo. The study concluded that the
dominant etch species consisted of polychloride (SiCl2 and SiCl3) species,
whereas the monochloride, SiCl was stable to irradiation and did not de-
sorb. A photon energy dependence was observed, with the implication
that the desorption is mainly induced by photo generated carriers in the
substrate. Carriers with sufﬁcient energy (N2.3 eV) interact with the ad-
sorbate layer causing desorption of the poly chlorides.
The possibly for extending ALE processes by exploiting photochem-
istry is clearly feasible and the prospects for extending it to the layer-by-
layer etching of awider range ofmaterials opens up aﬁeld of research as
broad as ALD itself.
5. Effects of ﬁlm irradiation
The effect of radiation-induced processes in the sub-surface also needs
to be considered, if UV illumination is incident on the surface duringdeposition or etching. One of these processes is the photoexcitation of
charge carriers within the ﬁlm. This effect is implicit in the etchingmech-
anism discussed in Section 4 indicates that electronic transitions are in-
volved in desorption processes [31]. The role of the photo-excited
charge carriers in the desorption process is illustrated by the following:
MOþ hv → MOþ e þ hþ electron hole pairð Þ ð7Þ
e þMO O adsð Þ → M O2 adsð Þ ð8Þ
hþ þM O2 adsð Þ → O2 gasð Þ↑ þM□ ð9Þ
whereMO represents ametal oxide (e.g. ZnO)which absorbs of photon of
energy hv that is greater than the oxide bandgap. An electron is excited
from the oxide valence band to the conduction band leaving a hole charge
carrier in the valance band. In Eq. (8) the electron interactswith an adsor-
bate O atom creating an intermediate species, which is subsequently neu-
tralized by a h+ charge carrier. Desorption of molecular oxygen leaves a
metal-vacancy complex (e.g. M - □) as shown in Eq. (9). This process is
exempliﬁed by a study of the UV photodesorption of molecular oxygen
from TiO2(110)which has been investigated as a function of photon exci-
tation energy [32]. The velocity distribution of the desorbing O2 species
was independent of the photon energy over the range studied (3.45–
4.16 eV) which is consistent with a substrate-mediated, hole-capture de-
sorption mechanism as shown in Eqs. (7)–(9) above.
In contrast to desorption/etching, UV irradiation can enhance sur-
face diffusion and oxidation reactions [33]. Under ultraviolet illumina-
tion, reactive atomic oxygen species are generated from atmospheric
molecular oxygen (Eqs. (4) and (5) above). The growth rate of oxide
ﬁlms at the surfaces of metals is signiﬁcantly enhanced in the presence
of atomic oxygen compared with O2. The diffusivity of the oxidant spe-
cies through the growing oxide and the bandgap of the oxide itself are
important parameters in photon-assisted oxidation processes. The
bandgap is important as it determines whether the growing oxide ab-
sorbs or transmits the incident UV ﬂux. If the UV energy is strongly
absorbed, stoichiometric differences might occur throughout the ﬁlm
thickness, because of differences between the surface chemistry and dif-
fusional processes near to the oxide-metal interface.
The interplay between UV-stimulated electronic excitation and the
generation or passivation of defects states is inﬂuential on the electrical
properties of dielectric thinﬁlms. For example, low temperature anneal-
ing (b450 °C) and under ultraviolet radiation in O2 and N2 environ-
ments has been investigated as a method for improving the electrical
properties of CVD yttrium oxide-based metal–insulator-metal (MIM)
capacitors [34]. Using UV illumination at λ= 172 nm (7.20 eV) molec-
ular oxygen was excited to form reactive species as shown in
263P.R. Chalker / Surface & Coatings Technology 291 (2016) 258–263Eqs. (4)–(6) above, whereas the N2molecules are unaffected because of
its stronger molecular bonding (9.80 eV). The study concluded that the
UV-O2 treatment improves the leakage current density; the electricﬁeld
breakdown; and the equivalent capacitance density. These improve-
mentswere attributed to an increase in the [O] content of theﬁlms, sug-
gesting the oxygen vacancy defect distribution is reduced.
Similarly, it has been demonstrated that UV irradiation (λ: 115 to
400 nm) enhances the rapid thermal processing of metal-insulator-
semiconductor (MIS) gate stacks containing Al2O3 dielectric layers
[35]. The dielectric was deposited by exposing thewafer substrate alter-
nately to 30 cycles of TMAandO2 and thiswas followed by a ﬁnal O2 an-
nealing step. The lowest leakage current and highest capacitance values
were obtained for samples exposed to UV treatment throughout the
wholeMIS processing. The treated samples also exhibited trap densities
(~1018 cm−3) an order of magnitude lower than those without treat-
ment. The inference from this study is clearly that the diffusivity of the
UV excited oxygen species (i.e. atomic oxygen) is beneﬁcial in passivat-
ing defects arising from non-stoichiometric ﬁlm compositions.
6. Conclusion
We have reviewed the photochemical ALD and ALE processes that
have been developed for the layer-by-layer engineering of nanometer-
scale thin ﬁlms and surfaces. Only a limited number of photochemical
processes has been explored over the last two decades, which is in
part due to the relative immaturity of ALD and ALE, compared with
thewider ﬁeld of chemical vapor processing technologies. A second fac-
tor has been the availability of suitable UV light sources. The deposition
and etching processes considered here require ultraviolet light sources,
with sufﬁcient photon energies and intensities to excite and dissociate
gas phase precursors and intermediate adsorbate species. The photo-
chemistry of ALD co-reagents including water vapor, oxygen and am-
monia for the deposition of oxide- and nitride-based have been
compared. Photochemical ALD has several attributes that differentiates
it from conventional thermal ALD processes. The photo-driven process-
es often make it feasible to deposit ﬁlms at lower substrate tempera-
tures than using thermal energy alone. Photochemical ALD also offers
the possibility of depositing patterned thin ﬁlms, by projecting light
through a physical aperture or a lithographic mask. The ﬁeld of photo-
chemical ALE is less well developed, but nevertheless offers the same
prospect for patterning of surfaces and ﬁlms via the illumination of se-
lective areas of a substrate. The inﬂuence of UV irradiation on the sur-
face leads to enhanced desorption/adsorption processes which are
initiated through electronic excitation processes that are initiated by
the incident energy. Excited species, in particular atomic oxygen, can
diffuse into the surface more readily than molecular species and this
process can promote enhanced electrical properties in oxide dielectrics.
As the “International Year of Light and Light-based Technologies”
concludes it is anticipated that photochemical ALD and ALEwill emerge
as important process tools to be exploited in modern high value
manufacturing.
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